SUMMARY In this letter, we propose a novel precoding scheme for base station (BS) cooperation in downlink cellular networks that allow overlapped clusters. The proposed precoding scheme is designed to mitigate the overlapping-BS interference by maximizing the so-called clustered virtual signal-to-interferenceplus-noise ratio (SINR). Simulations show that with the proposed scheme, overlapped clustering provides substantial throughput gain over the traditional non-overlapped clustering methods, and user fairness is also improved.
Introduction
Base station (BS) cooperation, also known as network MIMO or coordinated multi-point (CoMP), is receiving a lot of attention due to its potential to enhance system capacity [1] . By cooperatively transmitting downlink data from multiple BSs, inter-cell interference is transformed into useful signals, and the spatial degrees of freedom (DoFs) are greatly increased. Due to the difficulty of acquiring global channel state information (CSI), signal synchronization and so on, limited cooperation among a small set of BSs, namely BS clustering, is considered to be a practical solution.
Conventional clustering schemes [2, 3] do not allow one BS to belong to different clusters simultaneously, i.e., they assume non-overlapped clusters only. Then coordinated processing, such as zero-forcing (ZF) [1, 3] and block diagonalization (BD) [2] , can effectively mitigate the intra-cluster interference. However, there are still lots of cluster-edge users suffering from strong inter-cluster interference. This motivates new clustering scheme design to minimize the inter-cluster interference. We consider the BS clustering scheme from a user's perspective, i.e., the "best" cluster is formed by the BSs with strongest signals. As a consequence, cluster overlapping is allowed as shown in Fig. 1 , and the precoding vector to mitigate the interference caused by overlapped BSs, i.e., overlapping-BS interference, needs to be designed. The optimal precoding vector can be † The authors are with the Tsinghua National Laboratory for Information Science and Technology, Tsinghua University, Beijing 100084, China.
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Overlapping-BS interference
Desired signal obtained by maximizing the signal-to-interference-plusnoise ratio (SINR). However, it is NP-hard and difficult to be solved, which leads us to sub-optimal solutions. Kaviani et al. [4] apply the BD precoding scheme for multi-antenna transceivers to the overlapped clustering. Nevertheless, to fully mitigate the interference, BD may sacrifice a large amount of useful signal power, hence cause severe performance degradation. The virtual SINR maximization method is proposed in [5] , which tries to maximize the ratio between the desired signal and the interference to other users. But how it works in overlapped clustering is not studied yet. In addition, variable cluster sizes for different users have not been considered. In fact, BS clustering mainly benefits the cell-edge users. Hence, variable cluster size can better utilize the network resources. In this paper, we consider that the cluster is formed by the BSs with strongest signals from the users' point of view. Accordingly, the clusters are allowed to be overlapped. We also consider the variable cluster size based on the relative signal strength. And the users are scheduled to maximize the weighted sum-rate. We propose a clustered virtual SINR (CVSINR) maximization method with per-BS power constraints based on [5] . Simulations compare the proposed precoding scheme with the non-overlapped clustering schemes and the traditional virtual SINR maximization scheme.
Non-overlapping-BS interference
Notations: | · | denotes the cardinality of a set. · denotes the Euclidean norm of a vector. (·) T and (·) H denote the transpose and transpose conjugate of a matrix or a vector. C is the complex number field. E represents the expectation operation.
System Model and Problem Formulation
Consider the downlink of a cellular system with universal frequency reuse consisting of M BSs. Each BS has N t transmit antennas and each user has single receive antenna. Denoted by U the set of users, and |U| = U . The channel is assumed to be block fading, i.e., it keeps constant in each slot while varies among different slots.
the channel vector from BS m to user i. Due to the limited feedback capability, each user only feeds back the channel vectors of the BSs with strongest signals, forming its serving cluster. The serving cluster of user i is denoted by C i , and the cluster size |C i | = C i . For simplicity, no synchronization issues among BSs are assumed to occur. The set of scheduled users is S ⊂ U. The received signal of user i is given by
where w im ∈ C Nt×1 is the normalized precoding vector from BS m for user i, p im is the transmit power, x i is the desired data signal of user i, and n i is the additive white Gaussian noise with zero mean and variance
n . Since only the channel vectors of users' serving clusters are known, only the overlapping-BS interference can be effectively mitigated through precoding. Hence in (1), the overlapping-BS interference and the non-overlapping-BS interference are written apart for emphasis. Then the received SINR is
where
is the non-overlapping-BS interference plus noise power. An example of clustering and interference illustration is depicted in Fig. 1 . Unlike previous studies with non-overlapped clusters [2, 3] , here we allow the clusters to be overlapped. The objective of joint scheduling and dynamic clustering is to maximize the weighted sumrate in each time slot: max S,Pim,wim i∈S
where P 0 is the per-BS power constraint and T i is the average throughput perceived by user i up to last time slot, which is updated as
, where τ is the fairness factor [6] and R i (t) is the data rate of user i in time slot t. If user i is not scheduled in time slot t, R i (t) = 0. In this paper, we adopt the multiuser proportional fair scheduling (MPFS) algorithm [6] to maximize the sum rate while maintaining fairness for cell-edge users. Remark that the optimization variables are the scheduling user set S, the power allocation p im and the precoding vector w im . The problem (3) is difficult to be solved directly. Instead, we propose a heuristic algorithm which is detailed in the next section.
Joint Clustering and Scheduling

Cluster Formation
The clusters are formed from users' perspective, i.e., user i feeds back the channel vector of C i BSs with the strongest channel strength g im to form its serving cluster set C i . In this way, the "best" BSs provide desired signal so that non-overlapping-BS interference is minimized. We have the following clustering approaches with different settings of cluster size:
(1) Fixed identical cluster size. Cluster C i , i ∈ U is formed by C i = C BSs with strongest signal strength.
(2) Variable cluster size depending on the relative signal strength. The cluster set is expressed as
where 0 < β ≤ 1 is the threshold of relative signal strength between the channel from BS m to user i and the strongest channel of user i. Hence, the users at cell edge will have larger cluster size compared with the ones close to some BSs. The "dynamic" is reflected in two ways. Firstly, the set of BSs with strongest signals is variable due to channel fading. Secondly, the cluster size can also be variable by adjusting the parameter β.
CVSINR Maximization Precoding
We adopt the channel aware power splitting algorithm proposed in [5] , i.e., the power allocation p im is allocated proportional to the channel strength
As a consequence, more power is allocated to the users with stronger signal strength to get more benefits. We make use of the layered virtual SINR (LVS-INR) maximization scheme [5] to accomplish the precoding, which can be viewed as clustered transmission with distributed precoding. To fully exploit the advantage of clustering, we revise the LVSINR maximization algorithm into the CVSINR maximization algorithm. We consider the BSs in each cluster as a "super BS", and design the precoding vector for the super BS. Specifically, denote the joint precoding vector for user i as
The optimal precoding vector is given by
is the weighted channel vector from the cluster C i to the user i,
is the weighted channel vector from the cluster C i to the user j, j = i, wherẽ
It is observed that Eq. (6) takes the similar form of virtual SINR ( [5] Eq. (6)) except for the per-BS precoding vector power constraint, which makes the optimal solution difficult to be achieved. A heuristic solution is proposed by first relaxing the per-BS constraint aŝ
The solution is the unit-norm eigenvector with the largest eigenvalue of K
H j,Cih j,Ci . Then, to satisfy the per-BS constraint, we get the suboptimal precoding vector
Note that the power p im might not be fully used, since only the vector with the largest ŵ im is normalized.
Greedy Scheduling
A greedy user selection algorithm is proposed based on [7] where users are added successively one at a time up to a maximum of M N t if the weighted throughput is increased. The process is detailed in Algorithm 1.
Algorithm 1 Greedy Scheduling Algorithm
1: Find user i with largest R({i}).
2: Set S = {i}. 3: while |S| < M Nt do 4: Set R = 0. 5:
end if 9:
end for 10:
if R(S) ≥ R(S ) then 11:
Break. 12: end if 13:
Set S = S . 14: end while
Simulation Results
In this section, a cellular network with 2 tiers of hexagonal cells (totally M = 18 BSs, except for 1 secondtier BS for the ease of clustering) is simulated. We set the parameters according to the ITU test environment [8] . The transmit power P 0 = 40W. The BSs are placed in the cell center, and the cell radius is 1km. In each cell, 10 users are randomly dropped. The channel vector from BS m to user i is where the scheduling is done in each cell in advance, and then the cluster formation scheme is adopted from [3] . Since achievable rate is not known in scheduling, it is estimated by the channel condition of user's original serving BS only, i.e.,R i = log 2 (1 + g im 2 /σ 2 ). Denote our proposed scheme as overlapped clustering. Fig. 2 shows the cumulative distribution function (CDF) of the user throughput for the fixed cluster size C i = 3 with N t = 1. We compare the CVSINR maximization scheme with ZF scheme, which is a special case of BD scheme [4] for single-antenna transceivers. For fairness comparison, channel aware power splitting is used for both precoding schemes. The proposed CVS-INR maximization precoding scheme performs similar with the ZF precoding scheme for the non-overlapped clustering. However, it achieves very high throughput gain (20% on average) for the overlapped clustering scenario. It can be concluded that the proposed precoding scheme well fits the overlapped clustering. It also shows that the CVSINR maximization method performs much better than the LVSINR maximization one. The proposed algorithm provides significant gains (24% for C = 3 on average) compared with the conventional non-clustering scheme, especially for the celledge users (74% for C = 3 for 5%-outage rate). It also outperforms both the static and the dynamic nonoverlapped clustering schemes. Compared with these clustering methods, our algorithm does not introduce additional feedback overhead. Although global user scheduling has higher complexity, observing that dynamic non-overlapped clustering with per-BS scheduling outperforms static one with per-cluster scheduling, it can be concluded that the size of scheduled user set is less important than clustering method. Low complex scheduling method is left for future work. The proposed algorithm with identical cluster size and that with variable size are compared in Fig. 3 . We establish a lookup table of β with its correspondingC by simulating over all the user locations and channel fading. Then for comparison fairness, we choose the proper β ≈ 0.04 so that the average cluster size isC = 3. It is found that the variable size clustering improves the cell-edge users' performance dramatically, and the performance gain becomes higher as N t increases. As a result, the benefits of clustering for cell-edge users is more evident with larger transmit antenna arrays.
Conclusion
In this paper, a novel precoding algorithm has been proposed for overlapped clustering. The proposed CVS-INR maximization precoding scheme is very effective. With the proposed precoding scheme, the overlapped clustering algorithm leads to significant throughput gain comparing with the non-overlapped static and dynamic clustering algorithms, especially for the cell-edge users. It is also shown that variable cluster size can further enhance the performance.
